) is a predicted to encode a glycosylphosphatidylinositol tail anchored protein. It has been associated with extracellular redox processes, but little is known about its physiological role. An air12 mutant line demonstrated increased germination rates in the presence of a range of abiotic stress factors and hormones, but not in the presence of ABA. Disruption of AIR12 also affected primary and lateral root development and was linked to changes in root catalase activity and superoxide production. We suggest AIR12 is an extracellular constituent linking both hormone and reactive oxygen signaling in plants.
Introduction
Auxins are critical regulators of every stage of development including embryonic development, germination, cell differentiation, root and shoot development, vascular tissue patterning, meristem maintenance, and seed dispersal (Weijers et al. 2005; Benjamins and Scheres 2008; Péret et al. 2009; Sorefan et al. 2009; Vanneste and Friml 2009) . Though these developmental processes require auxin, they are influenced by other regulators in key areas of development such as seed germination and lateral root development. For example, though seed germination is classically thought to involve antagonism between the gibberellins and ABA, auxin acts synergistically with ABA to repress germination, with both hormones acting through an unknown signaling pathway (Brady et al. 2003) . Furthermore, though auxin itself drives root development and forms gradients without the action of other hormones (Grieneisen et al. 2007; Lucas et al. 2008 ) it requires some degree of ABA signaling for proper initiation of lateral roots, despite the antagonistic action of ABA on this developmental process (Brady et al. 2003) .
When examined individually, auxin and ABA have distinct signaling pathways mediated by reactive oxygen species (ROS) (Joo et al. 2005; Li et al. 2006) . Less obvious and not experimentally examined is if ABA-auxin signaling cross-talk involves ROS. The present study was completed to examine the effects of auxin, ABA, and ROS on seed germination and lateral root development. The experimental system utilized an uncharacterized gene thought to be involved in lateral root development, Arabidopsis AUXIN INDUCED IN ROOTS12 (AIR12, At3g07390) (Neuteboom et al. 1999) . A unique aspect of the current study is the integration of hormonal and reactive oxygen molecules in what appears to be a novel pathway involving extracellular proteins and lateral root development.
Materials and methods

Seed sterilization and growth medium
Arabidopsis air12 (54-4309-1) (Ito et al. 2002) and the parent line (CS8518) (Fedoroff and Smith 1993) were obtained from RIKEN and ABRC, respectively. Seeds were surface sterilized and placed onto the media (A. thaliana), incubated for 3 days at 4°C in the dark (A. thaliana) and placed in a Conviron 01,114 growth chamber at 23 o /18 o C with a 16/ 8 day night photoperiod, respectively. Seed germination and root growth was monitored in response to different abiotic stressors. Standard medium was composed of ½ Murashige and Skoog basal salts (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 1 % sucrose (w/v; Sigma-Aldrich, St. Louis, MO, USA) and either 1.2 % (w/w) or 0.8 % (w/w) phytagar (Caisson Laboratories, North Logan UT, USA). The medium was then autoclaved, followed by the addition of abiotic stressor chemicals or hormones. Media containing abiotic stressors were composed of the control medium and were supplemented with 60 mM mannitol, 30 mM KCl, 40 mM nitrate (composed of 20 mM KNO 3 , 20 mM NH 4 NO 3 ; Fisher Scientific, Fair Lawn, NJ, USA), 400 nM α-napthaleneacetic acid (α-NAA; Sigma-Aldrich, St. Louis, MO, USA), 100 nM 2,4-dichlorophenoxyacetic acid (2,4-D; Sigma-Aldrich, St. Louis, MO, USA), 1 mM H 2 O 2 (EMD Chemicals, Gibbstown, NJ, USA), 3.5 % sucrose (w/v), 3.5 μM ± abscisic acid (ABA; Sigma-Aldrich, St. Louis, MO, USA), 5 μM ± ABA, or 3.5 μM ± ABA and 400 nM α-NAA.
Germination and root measurement
Germination and root assays all utilized biological replicates with 10 seeds per replicate per line. Germination of A. thaliana seeds was monitored for eight days beginning one day after placement in the growth chamber. One observation was made per day, 4 h into the "day" portion of the photoperiod. Seeds were examined under a dissecting microscope and were scored as "germinated" once radicle protrusion from the seed could be observed.
After 13 days of growth on media, primary root length, lateral root number, and mean lateral root length were determined. Primary root length was measured under a dissecting microscope with a ruler. Lateral root number was manually counted under a dissecting microscope. Similarly, lateral root length of all seedlings was manually measured under a dissecting microscope using a ruler. Seedlings grown on 400 nM α-NAA, 100 nM 2,4-D, or 3.5 μM ± ABA could not be scored for lateral root number and mean lateral root length because of the high density of roots (α-NAA and 2,4-D) or lack of roots (ABA). Because auxin often causes a loss of primary root identity the longest root was assigned as the primary root and measured.
Arabidopsis catalase activity
Catalase activity of air12, the wild type equivalent and control were analyzed using an Amplex Red Catalase Assay kit (Invitrogen, Carlsbad, CA, USA). Prior to analysis, seeds were sterilized as previously described and plated on control medium, or control medium supplemented with 400 nM a-NAA or 1 mM H 2 O 2. After 13 days, total roots were harvested. Roots were placed in 1.5 mL tubes, weighed, and flash frozen in liquid nitrogen.
The frozen roots were manually ground in 1.5 mL microfuge tubes using a pestle for 30 s, 200 mL sodium phosphate buffer (20 mM, pH 7.4) was added and the roots were ground for a further 30 s and placed at room temperature while the remaining samples were processed. The samples were vortexed for 3 min using a IKA-VIBRAX-VXR automatic vortexer with a Typ VX2E adaptor (Janke and Kunkel, Germany) and centrifuged for 5 min at 14,000 g. The supernatant was placed in a clean tube and 50 μL was used for the catalase assay. The remaining sample was frozen.
The catalase assay was completed according to the product manual using a Victor3v 1420 Multilabel Counter with excitation and emission filters at 530 and 615 nm (Perkin Elmer, Waltham, MA, USA), respectively. For each assay replicate a new standard curve was constructed using the catalase concentrations, 0, 6.25, 250, 500, 1000, 2000 mU mL
. In total, 3 biological replicates per line were completed. Within each biological replicate, 3 technical replicates were completed. Each replicate used pooled roots from at least 10 seedlings.
ROS staining and microscopy
To visualize ROS accumulation in A. thaliana roots, the fluorescent dyes H 2 DFFDA (5-(and −6)-carboxy-2′,7′-difluorodihydrofluorescein diacetate; carboxy-H2DFFDA) and Oxyburst green H 2 HFF (dihydro-2′,4,5,6,7,7′ hexafluoroflurescein)-BSA; both Invitrogen, Carlsbad, CA, USA) were used at 20 μM (in DMSO) and 100 μg mL −1 , respectively. Roots were incubated in one of the two dyes for 15 min in the dark, followed by immediate visualization on the previously mentioned confocal microscope for no more than 10 min. Fluorescence was detected using an argon laser with a 488 nm excitation filter and a long pass emission range of wavelengths greater than 505 nm.
Results
Germination and root development is affected by loss of AIR12 function Homozygous control and air12 seed from were surface sterilized and placed on media containing ½ MS, 1 % sucrose (w/ v), or on media composed of ½ MS, 1 % sucrose +60 mM mannitol, + 30 mM KCl, + 40 mM Nitrate (20 mM each of KNO 3 and NH 4 NO 3 ), + 400 nM μ-NAA, + 100 nM 2,4-D, 3.5 μ M ± ABA, 1 mM H 2 O 2 , or +3.5 % sucrose (w/v). After 3 days at 4°C the plates were placed vertically in a growth chamber. Seeds were considered germinated once radicle protrusion was visible under a dissecting microscope. After 13 days the lateral root number was counted and lengths of the primary root and all lateral roots were measured manually using a ruler and dissecting microscope.
On all media except containing 3.5 μM ± ABA, air12 seeds germinated more rapidly than control. On ½ MS, 1 % sucrose 60 % of air12 seedlings germinated, compared to 20 % of control seedlings (Fig. 1a) . By the third day, the majority of the air12 and control seedlings had germinated. On medium supplemented with 60 mM mannitol there was no initial germination difference, though by day 3 nearly 90 % of air12 seedlings were germinated compared to only 60 % of control (Fig. 1b) . Germination rate of air12 seedlings on medium supplemented with 30 mM KCl was similar to that of control medium, but more rapid with 80 % germination by day 2 compared to 20 % of control (Fig. 1c) . Like the germination rate on standard medium, the majority of control seedlings germinated one day later than air12 and by day 3 the number of germinated control seedlings was equivalent to air12. When medium was supplemented with nitrate, 65 % of air12 seedlings had germinated by day 2 compared with 15 % control seedlings (Fig. 1d ). Similar to the trend on other media, by day 3 the number of germinated control seedlings was equivalent to air12. The greatest differences in seed germination occurred on media supplemented with H 2 O 2 ( Fig. 1e ) or media supplemented with auxin (α-NAA or 2,4-D; Figs. 1f,g). By day 2 on α -NAA, 75 % of air12 seedlings had germinated compared with less than 10 % of control. By day 3, approximately 60 % of control seedlings had germinated, and by day 4, germination reached a maximum for both air12 and control at 90 % and 75 %, respectively. Germination of the majority of air12 seedlings on medium supplemented with 2,4-D occurred by day 2, whereas it took until day 3 for this to occur with the control seedlings (Fig. 1g ). In addition, the total number of seedlings germinated on this synthetic auxin for both lines was reduced compared to α -NAA (Fig. 1f ). When supplemented with hydrogen peroxide, the seedling germination rate resembled that of control medium with 80 % of air12 seedlings germinated by day 2 compared with 20 % control seedlings (Fig. 1e) . Unlike standard medium, total germinated control seedlings did not reach air12 levels until day 4. The addition of a higher concentration of sucrose reduced germination rate of both air12 and control seedlings, but had a greater effect on air12, reducing initial germination rate by almost 50 % (Fig. 1i) . On medium supplemented with +3.5 μM ± ABA, the germination frequency was inverted from all other media, with control seeds germinating more rapidly than air12 (Fig. 1h) . The germinated control seedlings, however, were incapable of primary root elongation and arrested soon after germination (data not shown).
On standard medium no difference between air12 and control mean primary root length was observed (Fig. 2) . The same trend was observed in seedlings grown on medium supplemented with mannitol, KCl, H 2 O 2 , 2,4-D and 3.5 % sucrose (Fig. 2) . However, when supplemented with 40 mM nitrate, 1 mM H 2 O 2 or 400 nM α-NAA air12 primary root length was significantly reduced when compared to that of control seedlings (Fig. 2) . Among the treatments 100 nM 2,4-D had the greatest effect on reducing primary root length, but no significant difference was observed between genotypes.
On standard medium a slight, but non-significant, difference in lateral root number decreases was observed in air12 seedlings compared to control. A much larger difference was evident on medium supplemented with KCl, where air12 lateral root number was diminished by 80 % that of control seedlings. No difference in lateral root number was observed between air12 and control seedlings grown on medium supplemented with mannitol, nitrate, H 2 O 2 , 2,4-D, or 3.5 % sucrose (Fig. 3) .
On standard medium, air12 cumulative lateral root length was 60 % shorter than control lateral roots (Fig. 4 ). Significant differences were also seen when air12 seedlings were grown on mannitol (55 % reduction) and on KCl, where air12 lateral roots were only 20 % the length of the control lateral roots (Fig. 4) . Similar to the trend seen with lateral root development, no differences were present between air12 and control lateral root lengths when grown on nitrate, H 2 O 2 , 2,4-D, or 3.5 % sucrose (Fig. 4) . Interestingly, 40 mM nitrate reduced control lateral root lengths to that of the air12 seedlings.
Catalase activity is increased in air12 plants AIR12 is auxin-induced and is involved in lateral root development. There is a demonstrated role for ROS in this process (Joo et al. 2005 ) so we assayed catalase activity on standard media and in the presence of H 2 O 2 and α -NAA. When grown on standard medium, catalase specific activity of air12 seedlings was significantly lower than the control line (Fig. 5 ). This trend was reversed when seedlings were grown on medium supplemented with 1 mM H 2 O 2 , with air12 seedlings having greater catalase specific activity. On a fresh weight basis the same pattern was observed. Supplementing medium with 400 nM α-NAA decreased control to air12 levels of catalase activity on both a fresh weight and specific activity basis. No significant differences in H 2 O 2 concentration were observed (data not shown).
air12 mutants exhibit differences in intracellular and extracellular superoxide Because of the differences in catalase activity and previously discussed involvement of ROS in lateral root development we wanted to ascertain the amount of superoxide present in developing roots. We attempted to elucidate the redox status of air12 plants using the superoxide green fluorescent probes H 2 D F F D A ( 5 -( a n d -6 ) -c a r b o x y -2 ′ , 7 ′ -difluorodihydrofluorescein diacetate) and Oxyburst (Invitrogen, Carlsbad CA, USA) as described by Monshausen e t a l . ( 2 0 0 7 ) . O x y b u r s t ( d i h y d r o -2 ′ , 4 , 5 , 6 , 7 , 7 ′ -hexafluorofluorescein) and H 2 DFFDA are fluorinated derivatives of fluorescein. Oxyburst is also conjugated to bovine serum albumin (BSA) to prevent the probe from crossing membranes and thus can be used to determine extracellular Fig. 2 Mean primary root length of Arabidopsis control and air12 seedlings grown 13 days on the indicated media. Black bars, control; white bars, air12. n = 3, bars represent standard error. Significant differences (Student's t test, p < 0.05) between air12 and control plants are indicated with an asterisk superoxide content. H 2 DFFDA is capable of crossing membranes and can be used to assess intracellular superoxide. Using these probes, a picture of wild type and air12 superoxide content can be constructed.
Vertically grown, 8 day old seedlings were incubated in an Oxyburst or H 2 DFFDA solution for 15 min, followed by confocal laser-scanning microscopic analysis. To standardize lateral root imaging, all microscopic analysis began at the primary root apex. From the root apex, the root was scanned basipetally (toward root base) until an emerging lateral root was found. The first emerging lateral root was classified as a lateral root primordium that has grown at least one cell width, but not more than 5 cell widths beyond the epidermal cell file of the primary root.
Comparisons of O 2 − accumulation were made between control and air12 seedlings grown for 8 days on standard medium, medium supplemented with 400 nM α-NAA, or medium supplemented with 1 mM H 2 O 2 . On the standard medium, reduced fluorescence was visible in the emerging lateral roots from air12stained with Oxyburst compared to controls (Fig. 6a, b ). However no difference was observed in fluorescence intensity between air12 and controls using H 2 DFFDA (Fig. 6c, d ). The punctate staining with Oxyburst was consistent and may be indicative of localized regions of superoxide production. When stained with Oxyburst, fluorescence in air12 seedlings grown on medium supplemented with 400 nM α-NAA is markedly reduced compared to control seedlings (Fig. 7a,  b ). This pattern of fluorescence in Oxyburst-stained air12 seedlings is indicative of a decrease in extracellular ROS generation. Reduced fluorescence was also observed in air12 seedlings compared to controls after staining with H 2 DFFDA. (Fig. 7c, d ). No differences in fluorescence could be detected when seeds were grown on 1 mM H 2 O 2 using both Oxyburst and H 2 DFFDA. The intensity of the fluorescent signal was extremely weak in most cases (data not shown).
Discussion Germination and root growth
Root development is a dynamic process, integrating plantwide signals to determine growth in three dimensional space. Initiation and growth of lateral root primordia are stimulated Fig. 3 Mean lateral root number of Arabidopsis control and air12 seedlings grown for 13 days on the indicated media. Black bars, control; white bars, air12. n = 3, bars represent standard error. Significant differences (Student's t test, p < 0.05) between air12 and control plants are indicated with an asterisk Fig. 4 Mean cumulative seedling lateral root length of control and air12 seedlings grown for 13 days on the indicated media. Black bars, control; white bars, air12. n = 3, bars represent standard error. Significant differences (Student's t test, p < 0.05) between air12 and control plants are indicated with an asterisk by plant hormones. The present study examined the link between lateral root development Arabidopsis AIR12. Decreases in lateral root development were observed when expression of these genes was eliminated. Similar to the effects of reducing Brassica carinata CIL1, an orthologue of AIR12, root development in response to the hormones auxin and abscisic acid was altered in the mutants compared to control plants (Gibson et al. 2012 ). The hormone treatments used act through discrete and separate pathways; however, the response to both hormones was attenuated in mutants. A possible intersection point lies with reactive oxygen species, a class of molecules containing unpaired electrons capable of acting as membranetransmissible signals (Schopfer et al. 2002; Foreman et al. 2003; Liszkay et al. 2004; Li et al. 2005; Lin et al. 2009 ).
AIR12 and BcCIL1 code for proteins containing a signal peptide and a glycosylphosphatidylinositol (GPI) modification signal. One of the defining features of GPI anchored proteins (GPI-APs) is the potential for activity in two positions: 1) anchored to the extracellular leaflet of the plasma membrane or 2) free extracellular protein (Sherrier et al. 1999; Borner et al. 2002) . In addition, these proteins can be cleaved from the anchor by phospholipase C (Borner et al. 2003) , a protein often produced following an ABA-mediated abiotic stress response (Hunt et al. 2003) . BcCIL1 is released to the apoplast following osmotic shock (Gibson et al. 2012) as is AIR12 (data not shown). The air12 seeds germinated faster than controls on all abiotic stress treatments examined (Fig. 1) . On all media except mannitol, control seeds were able to reach air12 germination levels by day 3 indicating sensitivity toward osmotic stress that was not shared by air12 seeds. This indicates that AIR12 is a negative regulator in response to osmotic stressors during seed germination and may act downstream of ABA-mediated GPI anchor cleavage by PLC. Germination and subsequent development under environmental stress reduces seed yield while increasing plant mortality (Wan et al. 2009 ). Inhibition of germination can allow a seed to remain dormant until stressful conditions have ceased, when it can then complete its lifecycle under more optimal conditions. Though germination rate was not significantly altered by growth on media containing KCl (Fig. 1) , lateral root production was severely reduced in air12 seedlings while control seedlings were largely unaffected (Figures 3 and 4) . This suggests AIR12 is a positive regulator of the salt stress response during lateral root development. The response of Arabidopsis seedlings to the treatments examined all utilize signals mediated by ABA to adapt to abiotic stressors (Hodge 2009; Jiang et al. 2009 ). Furthermore, these stressors initially have a negative effect on lateral root development, indirectly diminishing the plant's photosynthetic output and fecundity. An abiotic stress is perceived by plants after local accumulation of ABA occurs at the initial site of environmental challenge (Nambara and Marion-Poll 2005) . Following accumulation, ABA is perceived by a receptor activating signaling pathways leading to stress response. ABI2, a protein phosphatase 2C involved in ABA signaling (Finkelstein and Somerville 1990) , was shown to interact directly with Glutathione Peroxidase 3 (Miao et al. 2006) , providing a direct link between ABA signaling and ROS detoxification. When challenged with an osmotic or nitrate stress, perception occurs by ABA followed by redox cascades mediated by ABI2, finally resulting in repression of post-initiation lateral root development. In air12 mutants, the response was attenuated, and no adverse effect on lateral root growth was observed. The decreased lateral root growth seen in control plants may represent different carbon usage strategies: instead of below- ground lateral branching to locate nitrogen and other micronutrients, the plant may invest solely in primary root growth until the high nitrogen region is exhausted relying on root hairs for absorption. Following exhaustion of local nitrogen and micronutrients, the plant would likely invest in lateral growth to find a new source of metabolic building blocks.
Response to salinity stress, unlike osmotic and nitrogen stress, utilize both ABA-dependent and -independent pathways acting through ROS intermediates (Guo et al. 2009; Lim et al. 2010; Mahajan and Tuteja 2005; Zhu 2002 ). The air12 seedling response to KCl differed than that of either nitrate or mannitol and may proceed through a pathway not mediated by ABA. Involvement of ABA in the salinity response is not a complete binary response; some responses show partial involvement of ABA while others show no response. The SALT OVERLY SENSITIVE (SOS) proteins are Na + /H + antiporters in the plasma membrane that use NOXgenerated extracellular ROS to convey salinity tolerance to plants (Kamei et al. 2005; Chung et al. 2008) . Reduced extracellular O 2 − concentration correlated with increased KCl susceptibility in air12 seedlings.
In the present study, growth of air12 seedlings on standard medium was shown to result in a decrease in lateral root number while leaving the primary root length unaffected, resulting in a significantly lower total lateral root length (Fig. 4) . While resembling a phenotype indicative of reduced auxin sensitivity or production superficially, the phenotype observed in air12 seedlings does not match any described auxin mutant. Root development is a process primarily controlled by the plant hormone auxin. The most physiologically active form of auxin in plants, indole-3-acetic acid (IAA), is a membrane impermeable compound requiring active transport to cross the plasma membrane. Normally, when Arabidopsis is grown on auxin, primary root development is greatly reduced while lateral proliferation increases (Casimiro et al. 2001; Christian et al. 2008) . air12 plants exhibited reduced sensitivity to α-NAA, relative to wild type. On medium containing 2,4-D however, root growth matched that of wild type seedlings. Despite the appearance of an auxin deficiency, the response of air12 and cil1 seedlings (Gibson et al. 2012 ) to synthetic auxin did not match any described model, though it is worth noting that these studies utilized synthetic hormones, resulting in a plant response that may differ compared to the response to endogenous hormones.
Involvement of ROS during auxin and ABA-induced lateral growth
A major trade-off of all organisms that utilize oxygen is the potential for harmful radical formation. Although ROS can be detrimental to cells in high concentrations, causing formation of lipid radicals that can compromise the plasma membrane Gutteridge 1984, 1992) , in low concentrations they are used as signaling molecules in such processes as root hair development (Foreman et al. 2003) , axillary branching of aerial tissue (Sagi et al. 2004; Sagi and Fluhr,2006) ], and guard cell aperture control (Li et al. 2006) . Because air12 seedlings displayed moderate insensitivity to both auxin and abscisic acid, signaling molecules downstream of perception were examined as a possible intersection point between the two hormones. In the current study, after growth on media containing 1 mM H 2 O 2 , air12 mean lateral root length appeared to elongate to control amounts. This suggests that H 2 O 2 is able to compensate for a deficiency in the air12 mutant, though has little effect on seedlings with functional AIR12. Reactive oxygen species represent an important component of root development, and act as signals following auxin perception regulating processes such as gravitropism in Arabidopsis (Joo et al. 2001 (Joo et al. , 2005 , adventitious root formation in cucumber (Xuan et al. 2008 ) and cell elongation in maize (Schopfer 2001; Liszkay et al., 2004) . The longer lateral roots of air12 seedlings may be a direct effect of H 2 O 2 , stimulating an increased rate of cell elongation. Proliferation in lateral root production may stem from weakening the pericycle cell wall polymers, stimulating the development of LR primordia. The Glycine max orthologue of AIR12 and CIL1 was identified as a cytochrome b561 isoform that binds a single heme in vitro and was postulated to interact with members of the plasma membrane redox system (Preger et al. 2009 ). In mammals, cytochrome b561 is involved with ascorbate regeneration across membranes (Su et al. 2006) . In plants, ascorbate plays a role in scavenging ROS generated through photosynthesis pathways (Bowler et al. 1991; Smith and Veitch 1998; Scandalios 2005) . The extracellular localization of AIR12 and CIL1 may lead to association with complexes on the plasma membrane. To ascertain if the loss of AIR12 affected ROS levels in air12 mutants, catalase activity and H 2 O 2 concentration were investigated.
In air12 seedlings, neither catalase activity nor H 2 O 2 concentration was affected by growth on medium containing α -NAA. These results run counter to the increased catalase transcript correlated with IAA or 2,4-D treatment of maize coleoptiles found by Guan and Scandalios (2002) . However, sensitivity of plant cells to hormones is dependent on their developmental stage and these results may be indicative of reduced sensitivity to auxin-induced catalase expression in 8-day old seedlings. Alternatively, expression of catalase in response to auxin does not guarantee translation of the transcript to a functional enzyme. A third, more likely possibility is that the α-NAA concentration used in this study may have been below a threshold required to enhance catalase transcription. Previous studies used 1 mM IAA or 2,4-D and demonstrated an effect on catalase expression (Guan and Scandalios 2002; Tyburski et al. 2009 ), however, in planta the concentration of IAA is magnitudes lower, and measured in nM (Bhalerao et al. 2002) . It is compelling to note, however, that a large difference was observed between catalase activity of air12 and control seedlings grown on both control medium and medium supplemented with 1 mM H 2 O 2 (Fig. 5) . Despite the air12 seedlings' reduced catalase activity compared to control seedlings on standard medium and increased activity on 1 mM H 2 O 2 , concentration of in vivo H 2 O 2 was unchanged between the two lines on either treatment (data not shown). This suggests that increased catalase activity is a consequence of elevated H 2 O 2 and that despite exogenous H 2 O 2 application steady state H 2 O 2 levels were maintained.
Plant cells capitalize on the ability of hydrogen peroxide, a relatively stable ROS, to freely diffuse across the plasma membrane, acting as a membrane diffusible signaling molecule (Levine et al. 1994 ) to control root development (Joo et al. 2001; Guo et al. 2009 Auxin has a promotive effect on ROS production, stimulating cell elongation in maize coleoptiles (Rodriguez et al. 2002) and cell elongation requires an extracellular pool of ROS (Schopfer et al. 2002) . As the major enzyme complex involved in the production of extracellular ROS, NOX may be the central component required for cell elongation. Indeed, elongation of root hairs specifically requires NOX activity, mediated by RHD2 (Foreman et al. 2003 ) and then spatially regulated by SCN1 (Carol and Dolan 2006) . Interestingly, there appeared to be no difference in O 2 − accumulation on control medium or control medium supplemented with H 2 O 2 , suggesting that mutation of air12 affects catalase and NOX activities differently, depending on the environment of the seedling. Extracellular O 2 − provided the most pertinent data with respect to the air12 phenotype, as O 2 − cannot readily cross the plasma membrane in significant amounts (Takahashi and Asada 1983) . On control medium and on α -NAA there was greater fluorescence in control seedlings relative to air12 (Figs. 6 and 7) . As above, these fluctuations in O 2 − may reflect regulation of the NOX enzyme complex by α-NAA, and in turn may reflect a reduction in activity due to the mutation of AIR12 or, may be the result of induced changes in ROS scavenging or turnover, though this was not examined. not quantitatively determined, it seems reasonable based on phenotypic, localization, and sequence similarity to hypothesize that air12 mutants too exhibit increased NOX and SOD activity. Given the magnitude of increased catalase activity compared to SOD in mutant plants, the total pool of H 2 O 2 may appear similar to wild type while actually indicating a more rapid turnover of H 2 O 2 into H 2 O and O 2 . These data may indicate that AIR12 modifies, through an unknown mechanism, the first three enzymatic steps involving the reduction of extracellular O 2 . Given the involvement of AIR12 with ABA-specific and nonspecific stress responses, and that both ABA, auxin, and abiotic stress responses all utilize ROS, AIR12 may act at an intersection point of the three pathways; possibly at, or close to, the NOX enzyme complex.
